Resistance in U.S. Wheat to Recent Eastern African Isolates of Puccinia graminis f. sp. tritici with Virulence to Resistance Gene Sr31
Y. Jin, USDA-ARS Cereal Disease Laboratory, University of Minnesota, St. Paul; and R. P. Singh, CIMMYT, Apdo, Postal 6-641, Mexico D.F., Mexico Stem rust of common wheat (Triticum aestivum) and durum (T. turgidum subsp. durum), caused by Puccinia graminis f. sp. tritici (Pgt), historically was one of the most destructive wheat diseases. Significant losses occurred in the past when the disease developed into epidemic proportions in wheat crops (10) . The use of effective resistance in major wheat production regions in North America, in combination with the eradication of the alternate host common barberry (Berberis vulgaris) in the Midwest and northern Great Plains, has brought the disease under control. The use of host resistance was also widespread worldwide. The stem rust resistance gene Sr31, derived from Petkus rye (6, 21) , has been used worldwide in spring, facultative, and winter wheat through the widespread use of Russian and other East European wheat Kavkaz, Aurora, and Loverin that originally carried the 1BL.1RS wheat-rye translocation (20) . When used initially, the 1BL.1RS translocation provided resistance to stem rust, leaf rust (caused by P. triticina), stripe rust (caused by P. striiformis), and powdery mildew (caused by Erysiphe graminis f. sp. tritici). This led to the release of numerous popular cultivars worldwide including several spring wheat cultivars derived from the spring wheat germ plasm in CIMMYT (International Maize and Wheat Research Center, Mexico). Although resistance to leaf rust, stripe rust, and powdery mildew became ineffective in most wheat growing areas shortly after the deployment of the 1BL.1RS translocation, gene Sr31 provided the main component for stem rust resistance in many wheat cultivars and continued to remain effective until recently, when isolates of P. graminis f. sp. tritici with virulence to Sr31 were detected from Uganda in 1999 (9) . Similar virulence was observed in Kenya in 2003 and 2004 (19) . The objectives of this study were to assess the vulnerability of U.S. wheat to African and U.S. isolates and to identify wheat germ plasm that displayed resistance.
MATERIALS AND METHODS
An isolate (99UGA) of P. graminis f. sp. tritici collected from Uganda in 1999 and one (04KEN156) collected from Kenya in 2004, both identified as race TTKS (19) based on the 16 differentials in the Pgt differential set of North America (12), were used for evaluating the wheat lines. Two Pgt isolates of races TPMK and TTTT, representing broad virulence in the North American stem rust population, were included for comparisons of infection types. A total of 450 cultivars and advanced breeding lines from various wheat market classes from the United States were tested with the four Pgt isolates at the seedling stage. Cultivars and lines that exhibited resistance in the initial tests were tested a second time to confirm the resistance.
Urediniospores of P. graminis f. sp. tritici isolates from long-term storage in liquid nitrogen or in a -80°C freezer were heat-shocked at 40°C for 10 min and placed in a rehydration chamber for 2 to 4 h where approximately 80% relative humidity (RH) was maintained by a KOH solution (14) . The urediniospores were then suspended in a lightweight mineral oil (Soltrol 170) and inoculated onto the fully expanded primary leaves of 7-day-old seedlings of wheat lines. Seedlings were incubated in a dew chamber for 14 h at 18°C in the dark, and then for an additional period of 3 to 4 h under fluorescent light. The inoculated plants were placed on a greenhouse bench at 18 ± 2°C with a photoperiod of 16 h. Infection types (IT) described by Stakman et al. (16) were assessed 14 days postinoculation. Probable genes conferring resistance to race TTKS in cultivars and breeding lines were postulated where possible by comparison of infection types on wheat lines with known stem rust resistance genes and by inferences based on pedigree information. A set of the 16 Pgt differentials and the susceptible checks McNair 701, Chinese Spring, and LMPG-6 were used in each inoculation. Infection types 0, ;, 1, 2, or combinations thereof were considered low infection types produced by an isolate of the pathogen avirulent on seedlings of wheat carrying the corresponding resistance gene. Infection types 3 to 4 were considered high infection types, indicating susceptibility of the host line due to a lack of the corresponding resistance gene, or a lack of the avirulence gene in the pathogen isolate.
RESULTS AND DISCUSSION
Resistance in U.S. hard red spring wheat. Among the 84 cultivars and advanced breeding lines of U.S. hard red spring wheat from the northern Great , identified to be race TTKS, were used in the rust evaluations. Selected cultivars and advanced breeding lines (450 in total) of wheat from the United States were tested against these two stem rust isolates. Resistance to race TTKS was detected in major classes of wheat with the following frequencies: 16% of hard red spring wheat, 48% of hard red winter wheat, and 27% of soft winter wheat. The genes that conferred resistance in the spring wheat have not been conclusively identified. Resistance in cultivar Ivan was likely due to Sr24. Resistance in hard red winter wheat was postulated to be primarily due to Sr24, and resistance in soft winter wheat was postulated to be primarily due to Sr36. The 1AL.1RS translocation present in many U.S. winter wheat cultivars and breeding lines appears to carry an effective resistance gene different from Sr31. The presence of resistance to race TTKS in the adapted germ plasm presents an opportunity to improve stem rust resistance in wheat.
Plains region tested in this study, 16% were resistant or heterogeneous (i.e., having resistant and susceptible plants in the same line) to race TTKS. In contrast, 93% were resistant to race TTTT and 94% were resistant to race TPMK. Hard red spring wheat cultivars that exhibited low infection types to race TTKS are given in Table 1 . The cultivar Thatcher was heterogeneous for reaction to race TTKS: plants with two different low infection types, i.e., IT; (flecking) and 2, as well as high infection types 3 and 4, were observed. Because most of these resistant cultivars were related to Thatcher by their pedigrees, resistance to race TTKS in these cultivars is likely due to one or two genes derived from Thatcher. The identities of genes conditioning resistance to race TTKS in Thatcher are unknown. Several Sr genes, namely Sr5, 9g, 12, and 16, are known to be present in Thatcher (4, 5) . Single gene lines with Sr5 and 9g were susceptible to race TTKS (19) . Lines with Sr12 and 16 were not tested against race TTKS. Additional genes conditioning stem rust resistance in Thatcher were reported (3, 8) , but these genes have not been characterized or designated yet. Single gene lines with Sr13, 22, 24, 25, 26, 27, 29, 32, 33, 35, 36, 40 , and 44 had low infection types to TTKS (19) . None of these designated Sr genes are known to be present in these spring wheat cultivars except for Sr24, which is likely present in the cultivar Ivan. Ivan was determined to carry Lr24 (J. Kolmer, personal communication), and Sr24 is expected to be present because Sr24 and Lr24 are completely associated (6) .
Most of the hard red spring wheat cultivars currently grown or released in recent years in the northern Great Plains region were susceptible to race TTKS at the seedling stage (Table 2) . A single gene line with SrWld-1, a stem rust resistance gene derived from the cultivar Waldron with resistance to many North American races of P. graminis f. sp. tritici (7), was susceptible to race TTKS at the seedling stage (data not shown). This degree of stem rust susceptibility to a single race in the hard red spring wheat from the northern Great Plains region has not been observed previously. It may indicate that the virulence combination of race TTKS is very unusual. More likely, however, it may indicate a serious erosion of the resistance package in the spring wheat germ plasm that has provided stable stem rust resistance in the region for over 50 years. Recent emphasis in breeding for Fusarium head blight resistance might have contributed to the dilution of stem rust resistance in spring wheat. Although some advanced breeding lines of hard red spring wheat were found to be resistant to race TTKS at the seedling stage (data not shown), we do not expect more than two genes present in these breeding lines that confer resistance to race TTKS. Thus, there is an urgent need to improve the level and diversity of stem rust resistance, especially resistance to race TTKS, in the spring wheat germ plasm.
Resistance in U.S. hard red winter wheat. Approximately 200 cultivars and breeding lines of hard red and hard white winter wheat from the Great Plains region were tested. Nearly half of the lines (48%) were found to be resistant to race TTKS. Selected cultivars that exhibited low infection types to race TTKS are given in Table  3 . Probable genes conferring resistance to race TTKS in these cultivars were postulated based on the differential reactions to the test isolates (Table 4) 
Sr36 and SrTmp were ineffective against races TPMK and TTTT with a high infection type 3, although lines with Sr36 exhibited a low infection density (reduced number of uredinia) to race TPMK, but not to race TTTT. Cultivars that had a low infection type 0 or 0; to race TPMK but not to other races likely carry Sr6. The presence of Sr31 was postulated based on the differential reactions of this gene to the test isolates (Table 4 ) and the presence of the 1BL.1RS translocation identified by Graybosch (1) .
Resistance to race TTKS in the hard red winter wheat was postulated to be mostly due to Sr24. The high frequency of Sr24 in hard red winter wheat (Table 3 ) was likely a result of it being a source of resistance to both leaf rust and stem rust. Isolates of P. graminis f. sp. tritici virulent to Sr24 have not been identified in North America; thus this gene will continue to serve as a valuable source of stem rust resistance in the hard winter wheat region. Resistance to race TTKS due to SrTmp was postulated to be present in several hard red winter wheat cultivars (Table 3 ). The resistance gene SrTmp was derived from the cultivar Triumph 64 (13) . Races of P. graminis f. sp. tritici with virulence to SrTmp in the North American stem rust population have been rare except for those isolates in the race groups 15 and 56 on the Stakman's differentials (16) , and race TTTT detected recently (2). Races 56 and 15 caused widespread epidemics in North America in the 1930s and 1950s, respectively. By inference, the presence of SrTmp in hard red winter wheat may have played a significant role in preventing other major races from developing into epidemic proportions in North America by reducing the overwintering population size of P. graminis f. sp. tritici in the southern Plains and by reducing inoculum in the growing season. On the other hand, the use of SrTmp in the southern winter wheat region has likely played a large role in selecting for and maintaining race TPMK as the predominant race in the North American stem rust population for several decades.
Several hard red winter wheat cultivars appeared to have the 1AL.1RS translocation (Table 3 ). This translocation was likely derived from Amigo (15), which carries a translocation from Insave rye (Secale cereale). This translocation was thought to be independent of the 1BL.1RS translocation derived from Petkus rye (19) , which carries the rust resistance genes Sr31, Lr26, and Yr9. A stem rust resistance gene on 1RS in Amigo was reported (17) , but the authors could not determine whether this gene was Sr31 based on their stem rust isolates. All cultivars with the 1AL.1RS translocation in this study were resistant to race TTKS. The presence of Sr24 in some of the 1AL.1RS cultivars, i.e., Amigo, Ogallala, and TAM 200, could explain the resistance to race TTKS. Resistance to race TTKS in other 1AL.1RS cultivars, i.e., AP502, Halt, Prairie Red, TAM 107, and TAM 110, is likely due to an undesignated gene on 1RS reported by The et al. (17) , because these cultivars do not seem to carry Sr24 based on their susceptibility to a leaf rust isolate that was avirulent on Lr24 (data not shown) and many other leaf rust isolates (D. Long, personal communication). If the resistance to race TTKS in these cultivars was due to a gene on 1RS, then it is apparent that this resistance gene on 1RS from Amigo could not be Sr31. In addition, Amigo exhibited an infection type 0 to race TTKS, considerably lower than that of either Sr24 or the undesignated gene on 1RS. Among the designated stem rust resistance genes tested in this study, Sr36 was the only gene that exhibited an infection type 0 to race TTKS; thus gene Sr36 might be present in cultivar Vista (Table 3) .
Resistance in U.S. soft winter wheat. Resistance to race TTKS in cultivars and breeding lines of soft winter wheat was 28 and 37%, respectively. Selected cultivars with TTKS resistance are given in Table 5 . Most of the resistance was likely due to Sr36, a gene common in U.S. soft winter wheat cultivars. The presence of Sr36 in cultivars and breeding lines was relatively easy to recognize in this study because lines with Sr36 exhibited very low infection types, mostly 0, to race TTKS, and high infection types (3 to 4) to races TTTT and TPMK. Gene Sr24 appeared to be present in cultivars Fleming, McCormick, and Morey (Table 5 ) and several breeding lines (data not shown). Cultivars Fleming and McCormick also have the 1AL.1RS translocation for resistance to race TTKS in addition to Sr24. Thus, these cultivars could serve as valuable sources of resistance in breeding for resistance to race TTKS. The high level of resistance to races TTKS, TMPK, and TTTT exhibited by Rosen could not be postulated. Few genes are known for exhibiting IT 0 or 0; to races TTKS, TPMK, and TTTT. The cultivar may possess unknown resistance genes or useful combinations.
Stem rust has been effectively controlled through the use of resistant cultivars in wheat for more than 50 years in North America. Although the new African stem rust race TTKS appears to have unprecedented virulence, effective resistance genes are available in adapted U.S. wheat cultivars and elite breeding germ plasm. The level of adult plant resistance, traditionally an important part of stem rust resistance, has not been investigated with regard to this African race. A trial to determine the presence of adult plant resistance has been established in Kenya. In addition to Sr24, Sr36, and SrTmp, we have found high levels of resistance conditioned by unknown genes in cultivars and breeding germ plasm in all major classes of U.S. wheat. Furthermore, a number of designated (but not utilized) stem rust resistance genes, namely Sr13, 22, 25, 26, 27, 29, 32, 33, 35, 40 , and 44, are effective against race TTKS and many other stem rust races. A rapid deployment of these effective resistance genes in breeding programs will provide protection of wheat against this new race or others that may appear. The stem rust resistance gene Sr31 became widely distributed worldwide through the use of CIMMYT wheat germ plasm (18) . Race TTKS will likely pose an immediate threat to wheat production in regions, especially developing countries, where Sr31 has been used as the primary component for stem rust resistance in commercial cultivars. Wheat improvement for stem rust resistance in these regions, particularly with respect to race TTKS, should be promoted. The use of effective resistance in northern Africa, western and southern Asia, and the Middle East will slow the spread of this new race because these are the regions the new race will likely spread into first. A thorough survey of race composition and close monitoring of the development of new races worldwide will be necessary to understand fully the potential stem rust vulnerability in wheat.
